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Abstract –Coalescence of tiny-sized particles into large-sized particles has been an 
overlooked phenomenon for a long time. This study focuses on the development of gold 
particles under varying precursor concentration in a custom-built setup. Under the tuned 
ratio of bipolar pulse OFF to ON time, tiny particles of different size and shape develop 
depending on the amount of gold precursor. Nano-energy of pulse packets bind gold 
atoms into own shape when they morph in compact monolayer assembly at solution 
surface. Between precursor concentration 0.07 mM to 0.90 mM, developing of tiny 
particles are both in triangular-shape and non-triangular-shape. Tiny particles of 
triangular-shape develop in a large number at precursor concentration 0.30 mM and 
0.60 mM. Prior to develop anisotropic particles, joined triangular-shape tiny particles 
separated into two triangle-shaped tiny particles under the application of force in 
surface-format. Prior to assemble, atoms of one-dimensional arrays of such tiny 
particles elongate to modify for structures of smooth elements. Structures of smooth 
elements assemble to develop different anisotropic particles at the point where exerting 
force in surface-format is ended. When the precursor concentration was 0.05 mM and 
1.20 mM, tiny-sized particles do not develop in a triangular-shape and their packing 
under the mixed-behavior of forces is largely developed into particles of distorted 
shapes. Anisotropic particles show different structure than the distorted particles. At 50 
sccm Argon flow rate, particles get developed in the same shapes as for the case of 100 
sccm Argon flow rate but colors of their solutions indicate a bit different elongation rate 
of atoms forming structures of smooth elements. This study clarifies the necessary 
concentration of gold precursor to develop particles of different size and shape.  
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1. Introduction 
Developing the different structures of colloidal matter under a certain processing 
strategy may be the origin of a persuaded phenomenon, where their particles of 
controlled-shape can be the strong candidates. This is because of a great challenge to 
develop anisotropic particles. To assemble tiny-sized particles precisely is a goal for 
developing advanced functional materials. Metallic colloids having different shapes 
under different processing conditions may reveal the unexplored factors of their 
developments. When tiny-sized particle is developed by atom-to-atom amalgamation, 
attained-dynamics of atoms can be the sole cause. To regulate the structure of tiny-
sized particles developing shape of large-sized particle, a tailored amount of energy is 
found to be another cause. Electron-dynamics in amalgamated atoms of certain nature 
may regulate the structure and, so, morphology of their bigger size. However, this 
(electron-dynamics) can’t be the case when those atoms bind into a tiny particle under 
certain transitional-state. Here, prior to binding of those atoms (under certain protocol of 
energy), they have been amalgamated for favorably attained-dynamics and by 
morphing the monolayer assembly at flat solution surface. It is expected that under 
variable concentration of gold precursor, in an appropriate range, it may result into 
depict the overall picture of size, shape and structure of particles. 
Here, transitional-state of an atom and electron-dynamics of an atom are two 
different behaviors; in the first case, electrons should be mainly recognized to 
deal/undertake infinitesimal displacements (under varying their force-energy in the 
atom) when remaining within their occupied-states (clamped-energy-knots) and, in the 
latter case, electrons should be mainly recognized to leave their occupied-states (for 
suitable force or energy) prior to re-instate states (in the outer ring of atom). 
Several approaches have been explored in the literature to synthesize colloidal tiny-
sized particles and large-sized particles where citrate reduction method is one of the 
most widely adopted procedures [1]. Development of large-sized particles on likely 
coalescence of tiny-sized particles has been the subject of several studies [2-12]. Metal 
3 
 
clusters behave like simple chemical compounds and could find applications in 
catalysis, sensors and molecular electronics [2]. Discrete features of nanocrystals and 
their tendency to extend into superlattices suggest ways and means for the design and 
fabrication of advanced materials with controlled characteristics [3]. An ordered array of 
nanoparticles instead of agglomeration might present new properties different from the 
individual particles [4]. Coalescence of nanocrystals into extended shapes has been 
appeared to be a realistic goal [5]. Self-assembly means to design specific structure, 
which cannot be achieved alternatively [6]. Potential long-term use of nanoparticle 
technology is to develop small electronic devices [7]. Assembling of nanoparticles may 
be an initial effort towards the selective positioning and patterning at large area [8]. 
Organization of nanometer size building blocks into specific structures to construct 
functional materials and devices is one of the current challenges [9]. On assembling 
nanocrystals into useful structures, ‘atoms and molecules’ will be treated as materials of 
tomorrow [10]. Precise control on the assemblies of nanoparticles enables the synthesis 
of complex shapes and will provide pathways to fabricate new materials and devices 
[11]. Coalescing nanocrystals into long-range crystals allows one to develop materials 
with endless selections [12]. Surface plasmon absorption is workable for small-sized 
anisotropic particles, but it has remained a challenging task to take benefit of the 
phenomenon at macroscopic level [13].  
On trapping mobile electrons, tiny particles of gold collectively oscillate [14]. The 
existing mechanistic interpretations are insufficient to explain several observations [15]. 
The rate of reactant addition/reduction can be estimated to produce subsequent specific 
shaped particles in high yields [15]. Locating the specific mode of excitation of surface 
plasmon in metallic nanocrystals will bring intense consequences on the research fields 
[16]. More work is required to develop an in-depth understanding of metallic colloids 
[17]. 
 Attempts have also been made to synthesize different geometric anisotropic 
particles and distorted particles in different employed plasma solution processes [18-25] 
where four main strategies have remained in utilization i.e., DC plasma discharge in 
contact with the liquid, DC glow discharge plasma in contact with liquid, pulse plasma 
discharge inside the liquid, and gas-liquid interface discharge. Quite a few reaction 
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mechanisms proposed by different groups are to be the most probable underlying 
mechanisms such as plasma electrons [20], hydrogen radicals in liquid [22], aqueous 
electrons [21] and hydrogen peroxide [18, 19]. Gold nanoplates and nanorods have 
been synthesized at the surface of solution while sphere-shaped particles inside the 
solution [22]. Again, probing matter at a length scale comparable to the subwavelength 
of light can deliver phenomenal optical properties [26, 27] and different phase-controlled 
syntheses give an improved catalytic activity of metallic nanostructures as compared to 
bulk ones [28, 29]. Different tiny-sized particles of gold having different attained 
dynamics of their amalgamation were discussed [30]. Splitting Argon atoms had 
switched medium of propagating photons to medium of travelling photons under 
increasing wavelength, where light-glow was observed on reaching wavelength of those 
photons in the visible range [31]. Photons having characteristic (wavelength) of current 
keep continuity in propagating their forcing energy in the inter-state electron gaps [32], 
thus, they propagate between electron states to work as photonic current [31]. The 
amalgamated atoms bind under generated energy of the targeted atom while executing 
confined inter-state electron-dynamics [33]. A separate study has discussed the 
mechanism of development of a triangular-shape gold tiny particle and modification of 
atoms of one-dimensional arrays into structures of smooth elements [34]. Carbon atoms 
of different states bind into tiny grains, grains or crystallites depending on the localized 
process conditions [35, 36]. Different tiny-sized particles and large-sized particles while 
processing gold precursor, silver precursor and their binary composition were discussed 
where processing of gold solution resulted into anisotropic particles [37]. Morphology-
structure of gold particles controlled under the varying conditions of the process while 
employing the pulse-based electron-photon-solution interface process [38]. While 
considering formation of tiny particles and their extended shapes, origin of physics and 
chemistry of materials was discussed [39]. Gold particles of unprecedented features 
developed while setting the optimized condition of the process [40]. The origin of 
different natured atoms belonging to gas and solid states along with transitional 
behaviors was discussed [41]. Depending on the nature of atoms of tiny-sized particles, 
their use can be defective for a certain nanomedicine application [42].  
5 
 
Present study describes how to develop gold tiny-sized particles and their different 
shape large-sized particles while varying the concentration of gold precursor. We briefly 
discussed the role of varying precursor concentration under fixed process parameters 
while developing particles of different shapes in custom-built pulse-based electron-
photon-solution interface process. 
 
2. Experimental details 
Solid powder of HAuCl4 was purchased from Alfa Aesar to obtain the aqueous solution 
of different molar concentrations. Briefly, aqueous solution of one-gram HAuCl4·3H2O 
and ~ 100 ml DI water was prepared in a glass bottle. This was followed by the 
preparation of several different molar concentrations by dissolving various amounts of 
precursor in DI water. The total quantity of the solution for each experiment was ~ 100 
ml. Schematic of the setup is shown in Figure 1.  
 
    
Figure 1: Schematic of pulse-based electron-photon-solution interface process 
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A copper capillary (electron-photon source) with internal diameter ~ 3 mm 
(thickness: ~ 1.5 mm) was used to maintain the flow of Argon gas. At the bottom of 
tube, atoms of flowing Argon gas splitted by propagating photons having wavelength 
(characteristic) of current. A graphite rod (energy source) with a width of ~ 1 cm was 
immersed into the solution known as anode. The distance between copper capillary 
bottom and solution surface was ~ 5 mm and was kept constant in all experiments. 
Distance between graphite rod and copper capillary was set ~ 4 cm in each experiment. 
Layout of air-solution interface and electron-photon-solution interface is shown 
elsewhere [30]. 
Bipolar pulse of fixed ON/OFF time was being controlled by the pulse DC power 
controller (SPIK2000A-20, MELEC GmbH; Germany). Input DC power was provided by 
SPIK2000A-20. Symmetric-bipolar mode of pulse power controller was employed, and 
equal time periods of pulses was set; ton (+/-) = 10 µsec and toff (+/-) = 10 µsec. The 
input power slightly fluctuated, initially. Fluctuation of input power was maximum at the 
start of the process, dropped to nearly half in a second and remained almost stable in 
the remaining period where the splitting of inert gas atoms was controlled automatic. 
The stable value of the voltage was 32 volts where current reading was noted 1.3 amp. 
The power was enhanced ~ 40 times under the application of step-up transformer. The 
variation in power was noticed ~ 1 % in the execution of new experiment for each 
concentration of precursor. 
Temperature of the solution was recorded with laser-controlled temperature meter 
(CENTER, 350 Series). In each experiment, temperature was measured at the start (~ 
20°C), middle (~ 27°C) and at the end (~ 37°C) of process with ± 1°C accuracy. 
Different molar concentrations were prepared (~ 0.05 mM, ~ 0.10 mM, ~ 0.30 mM, ~ 
0.60 mM, ~ 0.90 mM and ~ 1.20 mM), where duration of the process was set 10 
minutes in each experiment. Total Argon gas flow rate was determined to be 100 sccm, 
which was maintained through mass flow controller. Different molar concentrations were 
also prepared (~ 0.07 mM, ~ 0.10 mM, ~ 0.30 mM and ~ 0.60 mM) at 50 sccm Argon 
gas flow rate, where other parameters were kept the same as for the case of processing 
solutions at 100 sccm Argon gas flow rate.  
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Copper grid covered by carbon film was used and samples were prepared by dip-
casting. Samples were placed into Photoplate degasser (JEOL EM-DSC30) for ~ 24 
hours to eliminate moisture. Bright field transmission microscope images, selected area 
photons reflection (SAPR) patterns (known as SAED patterns) and high-resolution 
transmission microscope images were taken under the application of microscope known 
as HR-TEM (JEOL JEM2100F) while operating at 200 kV. 
 
3. Results and discussion 
Layout of the pulse-based electron-photon-solution interface process is shown in Figure 
1 by which nanoparticles and particles developed for different concentration of gold 
precursor, where coalescences of tiny-sized particles occur. At precursor concentration 
0.05 mM, sphere-shaped and less-distorted nanoparticles were developed as shown by 
different bright field transmission microscope images (a-d) in Figures 2. The average 
size of nanoparticle is between 20 to 25 nm. This indicates that tiny-sized particles 
developed in the formation of such nanoparticles only constituted few gold atoms. 
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Figure 2: (a-d) bright field transmission microscope images of nanoparticles showing various less-
distorted shapes; precursor concentration 0.05 mM and Argon gas flow rate 100 sccm 
On increasing the precursor concentration from 0.05 mM to 0.10 mM, the 
average size of particles also became large where many of them developed in 
geometric anisotropic shapes as shown by bright field transmission microscope images 
in Figure 3 (a-c). The number of amalgamating atoms per unit area has increased. So, 
the size of tiny particle is also increased. Here, tiny particles also get developed in the 
geometric triangular-shape in a quite large number. So, their assembling under the 
certain mechanism also gets developed into nanoparticles of anisotropic shapes.  
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Figure 3: Bright field transmission microscope images of nanoparticles showing both geometric 
anisotropic and distorted shapes; precursor concentration 0.10 mM and Argon flow rate 100 sccm 
At precursor concentration 0.30 mM, the average size of particles having 
different anisotropic shapes gets increased further. The bright field transmission 
microscope images of triangle-, hexagon-, isosceles trapezoid-, rhombus-, pentagon-, 
rod- and bar-shaped particles are shown in Figure 4 (a) & (b). The particles show high 
aspect ratios and their increase in size is related to increase in size of tiny particles. As 
the size of tiny particles having geometric triangular-shape is increased further. So, 
assembling gets developed for both nanoparticles and particles. 
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Figure 4: (a) & (b) bright field transmission microscope images of nanoparticles/particles developed in 
various geometric anisotropic shapes and distorted shapes; precursor concentration 0.30 mM and Argon 
gas flow rate 100 sccm 
Several high aspect ratio shapes are shown by bright field transmission microscope 
images in Figures 5 (a-f) along with their SAPR patterns in Figure 5 (A-F); each image 
shows a unique geometric anisotropic shape of the particle along with SAPR pattern. 
SAPR patterns of geometric anisotropic particles indicate one-dimensional shapes in 
the case of bar- and rod-shaped particles, whereas, multi-dimensional shapes in the 
case of triangle- and hexagon-shaped particles. In Figure 5 (g), difference in the sides’ 
length of particles (triangle- and hexagon-shaped particles) is within the margin of an 
atom or few atoms. This indicates that same size tiny particles were packed for them. 
These particles get developed under the equal rate of assembling (packing) tiny-shaped 
particles to all sides. In some cases, the particles bind via their sides (Figure 5h) and, in 
other cases, they are overlaid by one another (Figure 5i). But they are related to 
distorted particles. 
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Figure 5: (a-i) bright field transmission microscope images of particles showing both geometric 
anisotropic shapes and distorted shapes along with SAPR patterns (A-F); precursor concentration 0.60 
mM and Argon gas flow rate 100 sccm 
For precursor concentration 0.90 mM, particles of different geometric anisotropic 
shapes are shown by bright field transmission microscope images in Figure 6 (a-h), 
which show the similar features as in the case of particles (and nanoparticles) 
developed at precursor concentrations 0.10 mM, 0.30 mM and 0.60 mM. However, 
particles developed at 0.90 mM possess a low aspect ratio also. More particles get 
developed in distorted shapes at precursor concentration 0.90 mM. 
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Figure 6: Bright field microscope images of particles showing both anisotropic and distorted shapes 
along with SAPR patterns (A-F); precursor concentration 0.90 mM and Argon flow rate 100 sccm 
At 1.20 mM, very large size tiny particles get packed under the influence of forces in 
mixed-behaviors which resulted into develop highly-distorted particles as shown by 
various bright field transmission microscope images in Figure 7 (b-j). Only the particle of 
hexagonal-shape shows anisotropy as shown in Figure 7 (a). SAPR patterns of different 
shape particles show irregular structure. The spotted spots of photons in the patterns 
reflected at the surface of particles (shown in Figures 7a & 7b) covering few elongated 
atoms indicate uniform structural features (shown in Figure 7A and Figure 7B) as the 
chosen area of each pattern is only few square nanometers. However, the elongation of 
atoms is not uniform in the case of distorted particles as shown in Figures 7 (c) and 7 
(d) where their structural features are evident that distribution of spotted intensity of 
reflected photons at selected area in Figure 7 (C) and Figure 7 (D) is not in the repeated 
order. The very large-sized packed tiny particles do not indicate the orientation-based 
(uniform) elongation of their atoms as the shape of developed particle is distorted as 
shown in Figure 7 (d). Distorted particle shape-like flower is shown in Figure 7 (e) and 
several particles of identical features are shown in Figure 7 (i). In Figure 7 (e), an 
average size of tiny particle is 50 nm, which is the cause of development of highly-
distorted particles where they have the highly-disordered structure.  
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Figure 7: (a-j) Bright field microscope images of particles showing distorted particles (except in ‘a’)/ 
SAPR patterns (A-D); precursor concentration 1.20 mM and Argon flow rate 100 sccm 
 In SAPR patterns of particles, shapes other than rod or bar having distance between 
parallel printed intensity spots of ~ 0.24 nm are labeled in Figures 5 (A-C), Figure 6 (B) 
and Figure 7 (A). On the other hand, the distance between parallelly printed intensity 
spots (which are now intensity lines) in the case of rod (or bar)-shaped particles is ~ 
0.27 nm as shown in Figure 5 (F) and in Figure 6 (E). A separate study has discussed 
the cause of obtaining intensity spots of reflected photons in shape-like lines for one-
dimensional particles and in shape like dots for multi-dimensional particles [43].  
 The colors of processed solutions at different molarities of precursor concentration 
are shown in Figure 8 (left to right: 0.05 mM, 0.10 mM, 0.30 mM, 0.60 mM, 0.90 mM 
and 1.20 mM). Besides 100 sccm, solutions were also processed at 50 sccm Argon gas 
flow rate and their colors are shown in Figure 9 (left to right: 0.07 mM, 0.10 mM, 0.30 
mM and 0.60 mM). A different color of each solution is related to the overall size and 
shape of particles along with their quantity, where mode of travelling light having no 
more constituents of dust/gaseous atoms determine the nature of its certain originating 
color. Appearance of distinctive color of a colloidal solution processed at different molar 
concentration is related to the scheme of processed inter-state electron gaps of 
elongated atoms (forming structures of smooth elements) of different shapes particles 
and the number of their overall quantity. These require further investigations.  
 
Figure 8: Different color of solutions processed under different molar concentration of precursor (0.05 
mM, 0.10 mM, 0.30 mM, 0.60 mM, 0.90 mM and 1.20 mM, left to right) and Argon flow rate 100 sccm 
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Figure 9: Different color of solutions processed under different molar concentration of precursor (0.07 
mM, 0.10 mM, 0.30 mM and 0.60 mM, left to right) and Argon flow rate 50 sccm 
 The bright field transmission microscope images of their nanoparticles and particles 
are shown in Figures 10-13. Distorted particles as well as geometric anisotropic 
particles developed at 50 sccm show identical features to the ones developed at 100 
sccm. The nanoparticles/particles developed at different concentrations of gold solution 
when processed at 50 sccm Argon gas flow rate retain their shapes as in the case of 
nanoparticles/particles developed at 100 sccm Argon gas flow rate. Many of the 
nanoparticles developed in their anisotropic shapes at precursor concentration 0.07 mM 
as shown in Figure 10 (a-c), in different bright field transmission microscope images. 
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Figure 10: Bright field transmission microscope images of nanoparticles showing both geometric 
anisotropic and distorted shapes; precursor concentration 0.07 mM and Argon flow rate 50 sccm 
The quantity of nanoparticles/particles having anisotropic shapes is further increased 
at precursor concentration 0.10 mM. As shown in Figure 11 (a-d), there are many 
nanoparticles/particles which are developed in anisotropic shapes. Nanoparticles of 
very small-size and very large-size are found in a large number as shown in Figure 11 
(a) and Figure 11 (c). 
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Figure 11: Bright field transmission microscope images of nanoparticles showing both geometric 
anisotropic and distorted shapes; precursor concentration 0.10 mM and Argon flow rate 50 sccm 
The size of nanoparticles/particles is increased further when higher concentration of 
gold solution is processed where both anisotropic and distorted shapes of the particles 
are developed as shown in Figure 12 (a-c). Distorted nanoparticles and particles 
assembled to an anisotropic particle to fill the vacant space through available forces as 
shown in Figure 12 (a). Both distorted nanoparticles and particles also assembled to fill 
their vacant regions under the mixed-behaviors of conceivably available forces as 
shown in Figure 12 (c).  
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Figure 12: Bright field transmission microscope images of nanoparticles/particles showing both 
anisotropic and distorted shapes; precursor concentration 0.30 mM and Argon flow rate 50 sccm 
 Different bright-field transmission microscope images of nanoparticles/particles 
developed at 50 sccm Argon gas flow rate when the precursor concentration was 0.60 
mM are shown in Figure 13. Some of the nanoparticles/particles are developed in the 
lengths of their sides having precision of an atom, or few atoms, for example, a triangle-
shaped particle shown in Figure 13 (g). The different hexagon-shaped nanoparticles (or 
particles) shown in Figure 13 (c) also indicate the lengths of their sides in highly-
controlled precision. 
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Figure 13: Bright field transmission microscope images of particles showing both geometric anisotropic 
and distorted shapes; precursor concentration 0.60 mM and Argon gas flow rate 50 sccm 
 Several different shapes of nanoparticles and particles are shown in Figure 14 (a). A 
triangle-shaped nanoparticle encircled in Figure 14 (a) was dealt with high-resolution 
transmission microscope image as in Figure 14 (b) where width of elongated atoms of 
one-dimensional arrays forming a structure of smooth element is ~ 0.12 nm. A structure 
of smooth element develops when atoms of one-dimensional array bind through their 
elongation (at equal rate from both sides of their centers) while exerting the force along 
opposite poles in the surface-format [34]. So, structures of smooth elements are mainly 
related to tiny particles having their triangular shapes. An elongation behavior of single 
gold atom is discussed under the equal rate to both sides (poles) from its center [31]. In 
the elongation behavior of an atom, electrons of both sides from its (atom) center 
orientate from the lateral-orientation to the adjacent-orientation [39].  
 
  
Figure 14: (a) bright field transmission microscope image of nanoparticles showing both geometric 
anisotropic and distorted shapes at 0.10 mM and (b) magnified high-resolution transmission microscope 
image taken from the encircled triangle in ‘a’ shows equal width of structure of smooth element and inter-
spacing distance (approx.); precursor concentration 0.10 mM and Argon gas flow rate 50 sccm 
 Nanoparticles/particles that gets synthesized at Argon gas flow rate of 50 sccm show 
intensive contrast in terms of dark color as compared to different-featured 
nanoparticles/particles synthesized at Argon gas flow rate of 100 sccm. This is more 
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relevant to elongation behavior of atoms in different tiny-shaped particles developing 
nanoparticles/particles of featured anisotropic shapes. At Argon gas flow rate of 50 sccm, 
elongation rate of gold atoms is slightly less (at sub-angstrom level) due to lower 
concentration of flowing Argon gas. Therefore, splitted electron streams of flowing inert 
gas atoms (under lower concentration) impinge to the underneath matter (gold atoms) 
at a lower rate. However, due to the entrance of less population (density) of photons 
and electron streams (resulted under splitted flowing inert gas atoms) in the solution, 
the average size of nanoparticles/particles also becomes smaller as compared to those 
developed for 100 sccm Argon gas flow rate. Under different Argon gas flow rate, it is 
expected that inter-state electron gaps of elongated atoms of structures of smooth 
elements of nanoparticles/particles is varied at sub-angstrom (≤ 0.10 Å) level along with 
their sizes. It is observable in the bright field transmission microscope images of 
nanoparticles/particles that get developed at 50 sccm and 100 sccm Argon gas flow 
rates that they reveal not only a bit difference in the size, but also solutions with different 
colors. So, by varying the inter-state electron gaps of elongated gold atoms (or by 
atoms of other suitable elements), it is possible to originate the underlying science of 
different colors. However, a detailed study is required to investigate the influence of 
different Argon flow rate on the structure and, ultimately, on their shape and size also. 
This will possibly depict the overall picture of splitting light into different colors through 
different colloidal matters processed under different conditions. 
 Packing trends of tiny-shaped particles (under force existing in surface-format) can 
be depicted from their differently-developed geometric anisotropic particles. Assembling 
angles can be extracted from the distributed intensity spots in SAPR patterns of their 
particles. In Figure 6 (C), SAPR pattern indicates that spotted spots reflected at the 
front-surfaces are under their certain pace where photons (not electrons) reflected from 
the structures of smooth elements of above-positioned particle (hexagon-shaped 
particle) as well as the underneath one (hexagon-shaped particle); in the case of latter, 
photons reflected at the surface of underlying structure while entering through the inter-
spacing distance of structures of smooth elements of above-positioned particle. Each 
structure of smooth element is related to the elongated atoms of one-dimensional array.  
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 On amalgamation of atoms at set precursor concentration, they are developed in 
different tiny-sized particles under the application of packets of nano-energy. At the 
lowest concentration of precursor (0.05 mM), very few gold atoms were available, which 
get uplifted to the solution surface, but the packet of each nano-energy possesses the 
same size and shape under set tuned ratio of pulse OFF to ON time as given in the 
section of experimental details. The atoms underneath packets of nano-energy are 
insufficient to deal an average size of tiny particle ~ 1.3 nm with no specific geometry of 
shape. This is because of their not having the ability to form precise compact uniform 
monolayer assembly at air-solution interface. Thus, at 0.05 mM (and when unity ratio of 
pulse OFF to ON time), atoms do not develop their tiny particles in a triangular-shape 
(Figure 15a1). Because atoms do not form one-dimensional arrays of their tiny clusters, 
thus, they do not elongate for developing structures of smooth elements as shown in 
Figure 15 (a2). They get packed under the exertion of force having mixed-behaviors 
resulting into less-distorted or sphere-shaped nanoparticle as shown in Figure 15 (a3).  
 
   
Figure 15: (a1) less-disordered tiny particles, (a2) deformation of atoms of ‘less-disordered tiny 
particles’, (a3) less-distorted particle; (b1) moderately-disordered tiny particle, (b2) deformation of atoms of 
‘moderately-disordered tiny particle’, (b3) partially-distorted particle; (c1) highly-disordered tiny particle, (c2) 
deformation of atoms of ‘highly-disordered tiny particle’, (c3) highly-distorted particle; (d1) tiny particle of a 
joined triangular-shape, (d2) separated tiny particle into two equal triangle-shaped tiny particles and (d3) 
(a) Development of less-, moderately- and 
highly-distorted particles 
(2)  (3)  (1) 
(b) 
(1) (3)  (2) 
(c) 
(3)  (1) 
 
(2)   
Development of geometric 
anisotropic particle 
(d) 
(3) 
(1) 
(2) 
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hexagon-shaped particle having the multi (six)-dimensional shape where the same structure of elongated 
atoms for each dimension (face) is observed 
 At fixed bipolar pulse ON/OFF time, increasing the precursor concentration from ~ 
0.07 nm to ~ 0.90 mM, many tiny particles get developed in a triangular-shape where 
their size is increased on increasing the precursor concentration. However, for 
intermediate precursor concentrations (~ 0.07 nm to ~ 0.90 mM), tiny-sized particles 
were also developed in a non-triangular-shape (and in more number in certain regions 
of solution), they are termed as moderately-disordered tiny particle as shown in Figure 
15 (b1). Such tiny particles do not deal packing under exerting force of a uniform 
manner. Thus, atoms of such tiny particle didn’t elongate uniformly as sketched in 
Figure 15 (b2) and termed as moderately-distorted tiny particle. So, such tiny particles 
packed under exertion of forces having not consistent behavior of theirs. This results 
into the development of distorted particles as shown in Figure 15 (b3). 
 At 1.20 mM, precursor concentration is very large, and assembly developed at 
solution surface doesn’t deal the compactness in gold atoms from the start of starting 
the process. Due to the uplifting of much higher amount of gold atoms to solution 
surface, it has resulted into the development of an assembly of disorderness instead of 
monolayer. But, the packets of nano-energy contained the same size and shape for 
binding atoms as in the case of processing solutions of lower concentration. Therefore, 
at initial stage of the process, all the tiny-sized particles get developed are highly-
disordered as they are large enough in their size. The highly-disordered tiny particles do 
not get develop in a triangular-shape, so, their structures do not undertake one-
dimensional arrays of atoms. A highly-disordered tiny particle is shown in Figure 15 (c1) 
where groups of atoms (total atoms: 171) configured along the different sides. Thus, 
atoms of highly-disordered tiny particle get elongated along different sides where forces 
were exerted along the poles of multi-orientated electrons (so, they are in non-uniform 
manner), which is termed as highly-distorted tiny particle as shown in Figure 15 (c2). 
Such large size tiny particles do not get packed under the exertion of force having a 
uniform impact. The packing and assembling of such highly-distorted tiny particles 
resulted into the development of a highly-distorted particle as shown in Figure 15 (c3).  
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 A joined triangular-shape tiny particle is shown in Figure 15 (d1), which was 
developed under the application of bipolar pulse while processing the solution of gold 
under certain precursor concentration. The joined triangular-shape tiny particles 
separated at the point of connection under the exertion of force along opposite poles as 
shown in Figure 15 (d2). Six such tiny particles arriving from the different regions of 
solution surface located at a point nearly equidistant to the center of their packing 
nucleated the mono-layer of hexagon-shaped particle (at the center of pulse-based 
electron-photon-solution interface). Packing of several such tiny-shaped particles while 
retaining intact initially originated the symmetry resulting into the development of 
hexagon-shaped particle as shown in Figure 15 (d3). Here, the width of each structure 
of smooth element along with their inter-spacing distance has remained almost the 
same as in the case of particle shown in Figure 14 (b). In Figure 14 (b), both width and 
inter-spacing distance are measured with original scale marker. Thickness of each 
structure of smooth element has appeared to be the same as that of the resultant width 
of each elongated one-dimensional array of gold atoms (~ 0.12 nm). A structure of 
smooth element is related to elongated atoms of one-dimensional array when they were 
in the certain transition state [34]. A further detail of developing various geometric 
anisotropic particles is given elsewhere [40]. 
 Under very high concentration of gold precursor (1.20 mM), average size of tiny 
particles was 50 nm at the start of process and, on prolonging the process time, tiny 
particles resulted in a decreased size as discussed elsewhere [30]. Therefore, the 
geometric anisotropic particle shown in Figure 7 (a) is due to the smaller size tiny 
particles developed at the later stage of the process. This indicates that, by increasing 
the process duration, the favorable conditions prevailed. The tiny particles of a non-
triangular-shape have been turned into a triangular-shape under the favorable 
conditions of the process. Therefore, initial concentration of precursor is not the only 
parameter controlling the size and shape of tiny particles. Size and shape of tiny 
particles as well as nanoparticles/particles depend on time-to-time change in the 
precursor concentration also. 
 Simultaneous assembling of structures of smooth elements of two triangle-shaped 
tiny particles at the center of light-glow from opposite sides is along nearly the same 
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axis, so, they are developing a mono-layer of developing rod- or bar-shaped 1-D 
particle. A pentagon-shaped particle and a hexagon-shaped particle are related to five-
dimension and six-dimension, respectively. However, such dimensional shapes are not 
possible when gold atoms result in the evolution of structure in the original format by 
executing confined inter-state electron-dynamics [33]. So, developing such types of 
large-shaped particles dealing anisotropy, which are also the part of extensive debate in 
the literature, is under the development of tiny-shaped particles first but not straight-
forwardly through the binding mechanism of neutral state gold atoms into their 
grounded-format.  
 An approx. percentage of both anisotropic particles and distorted particles 
developed at different molar concentrations of gold precursor are drawn in chart-shape 
as shown in the Figure 16.      
0
20
40
60
80
100
0.05 mM 0.10 mM 0.30 mM 0.60 mM 0.90 mM 1.20 mM
Anisotropic particles (approx. %)
Distorted particles (approx. %)
 
Figure 16: Approx. %age of anisotropic and distorted particles developed at different molar 
concentrations of gold precursor while employing pulse-based electron-photon-solution interface process 
when fixed duration in each process was 10 minutes and bipolar pulse ON/OFF time was 10 µsec 
 Origin of gas- and solid -natured atoms has been discussed elsewhere [41]. As per 
nature of atoms of tiny-sized particles, they can be a defective nanomedicine instead of 
being an effective one [42]. Gold shapes of one-dimension and multi-dimension clearly 
identify the role of forces at ground surface (in surface-format) [43]. Developing hard 
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coating is nearly under the switched force-energy behaviors of gas- and solid-natured 
atoms [44]. It has been pointed out that upto certain numbers of atoms, tiny particles are 
developed in hcp structures [45] and tiny particle size upto a point shows metallic 
character [46]. It has been stated that besides geometry and entropy, in-progress 
research efforts should also consider the dynamics in addition to structure [47] and 
disordered jammed configuration is not the only one in any known protocol but there are 
also ordered metrics, which characterize the order of packing [48]. A study on size-
controlled gold nanoparticles while synthesizing in photochemical process has been 
given elsewhere [49]. From the application point of view, nanoparticles and particles 
having distorted shapes show potential in various catalytic applications, whereas, those 
in geometric anisotropic shapes indicate a potential to use them as ultra-high-speed 
devices along with applications in diversified areas, in optics, medical and photonic 
devices, etc.  
 
4. Conclusions 
In custom-built pulse-based electron-photon-solution interface process, the 
development of geometric anisotropic gold particles is due to the packing of triangle-
shaped tiny particles where their structures of smooth elements get assembled under 
the controlled orientations at electron-levels. Tiny-shaped particles arrive from the 
different regions of solution surface to assemble their structures of smooth elements at 
center of light-glow. Developing of distorted particles is under the coalescences of non-
triangular-shape tiny particles where they do not necessarily coalesce at center of light-
glow. The development of tiny particles in different sizes depend on the initial amount of 
precursor concentration. A certain amount of precursor concentration under the fixed 
ratio of bipolar pulse OFF to ON time results into the development of many tiny particles 
having a triangular-shape. Increasing the molar concentration of gold precursor from 
0.05 mM to 1.20 mM, average size of gold tiny particles increases from 1.3 nm (approx.) 
to 50 nm (approx.). At 0.05 mM, tiny-sized particles do not develop in a triangular-
shape. Packing of such tiny particles results into the development of less-distorted 
sphere-shaped nanoparticles. At 0.07 to 0.90 mM, many tiny-sized particles get 
developed in a triangular-shape, but they get developed in maximum amount (number) 
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at precursor concentration 0.30 mM and 0.60 mM. At 1.20 mM, many tiny-sized 
particles do not get developed in a triangular-shape and their packing results into 
develop distorted particles. The SAPR patterns of distorted particles reveal their 
structure in the disorderness. The decreasing Argon gas flow rate from 100 sccm to 50 
sccm doesn’t influence the overall mechanism of developing of particles’ shape but may 
influence the electronic structure of elongated atoms in the decimal range of an 
angstrom, thus, forming structures of smooth elements. The color of the processed 
solution for each molar concentration of gold changes due to overall impact of the 
incident light. The modified inter-state electron gaps of elongated atoms forming 
structures of smooth elements having certain shapes become the main cause of 
appeared distinctive color of filtered-light while leaving different-shaped particles under 
the impactful scale of an angle.  
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